Composite cylindrical shells and panels are widely used in aerospace structures. These are often subjected to defects and damage from both in-service and manufacturing events.
INTRODUCTION
Laminated composites are gaining importance in aircraft structural applications as a result of their very high strength-to-weight and high stiffness-to-weight ratios. It is known that delaminations are the most frequent causes of failure in laminated structures, particularly under compressive load. Delaminations in composite materials result typically from impact damage or manufacturing imperfections. The presence of delaminations leads to a reduction in the overall buckling strength of the structure. In addition, delaminations tend to grow rapidly under postbuckling loads, causing further reduction in structural strength and leading ultimately to fatal structural failure.
The phenomenon of progressive failure in laminated composite structures is yet to be understood, and as a result, reliable strategies for designing optimal composite structures for desired life and strength are in progress [1, 2] .
For the past two decades analytical and numerical analyses have been carried out by many researchers to analyse delaminated composite structures, considering their buckling and post-buckling behaviour. Almost all of the papers on delamination buckling deal with beams and flat plates [3] [4] [5] [6] [7] [8] [9] [10] . The early work belongs to Chai et al. [9] who characterized the delamination buckling models by the delamination thickness and number of delaminations through the laminate thickness.
In a recent study by the author [11] finite element models were developed to study global, local and mixed mode buckling behaviour of composite flat plates with embedded delamination under compression. The results were in agreement with the corresponding experimental results. In comparison with the other numerical models, it was shown that embedded delaminations can be modelled and analysed effectively without requiring a great deal of computing time and capacity.
There has been a reasonable amount of work on buckling and post-buckling behaviour of cylindrical shells and panels [12] [13] [14] [15] [16] [17] [18] . Due to its mathematical complexity and modelling, very limited information on the subject of delamination buckling of cylindrical shells and panels is currently available [19] [20] [21] [22] [23] [24] . This paper studies the effect of delamination on the global load-carrying capacity of isotropic and laminated cylindrical shells under axial compressive load.
The use of three-dimensional finite elements for the modelling of delamination in cylindrical shells is computationally expensive. In the present study an efficient modelling approach is employed for investigation of buckling behaviour of these structures. This requires less computing time and space for the same level of accuracy.
Some parametric studies are performed to investigate the influence of the delamination size, orientation and through-the-thickness position on the critical loads of a series of isotropic and delaminated cylindrical shells. The effect of material properties is also investigated. Tafreshi, A. June 2004 In : Composite Structures.64, 3-4, p. 511-520 10 p. 4 The analysis has been carried out using ABAQUS 6.3 which is available on the mainframe computer, Bezier, at Manchester Computing centre. Fig. 1a shows the geometry of a typical cylindrical shell with a rectangular delamination (a×b) under axial compressive loading, where the first measurement (a) is in the axial direction, the second measurement (b) is in the circumferential direction and b=R .
FINITE ELEMENT MODELLING AND VERIFICATION
Angle  denotes the region of the delamination and R is the radius of the cylinder. h 1 and h 2 are the thicknesses of the upper and lower sublaminates, respectively. The
is used to describe the delamination thickness, where t is the thickness of the cylinder.
A differential element of an intact cylindrical shell segment with the coordinate axes is shown in Fig. 2 . The axial coordinate is x, the circumferential coordinate is y, and the thickness coordinate normal to the shell surface is z. R is the radius of the cylindrical shell segment and the circumferential coordinate is replaced by y=RThe displacement field for an intact cylindrical shell, according to a first-order, shear deformation theory is given by 
The first superscripts 1 and 2 of the displacements refer to the upper and lower sublaminates, respectively, and the second superscript 0 refers to the sublaminate's mid- For a delaminated cylinder, the double-layer model can be employed where in areas of delamination the constraint equations will be replaced by contact elements between the corresponding nodes of the upper and lower sublaminates. Contact elements will prevent the interpenetration of the nodes of the two cylindrical layers in the delamination zone.
Interpenetration would neglect the behaviour of real laminates and result in incorrect estimations of the critical load. Fig.3b Shows a close-up view of the double-layer FE model which can be used for the analysis of delaminated cylindrical shells or panels.
In comparison with the three-dimensional finite elements, the double-layer model can effectively reduce the computational time and capacity. However, the disadvantage of the double-layer model is that two layers of shell elements are required for both intact and delaminated regions of the shell.
In order to reduce the computational time and capacity for the same level of accuracy, in the present study combined double-layer and single-layer of shell elements are employed. 
In a study by Tafreshi and Oswald [11], combined single-layer and double-layer of shell elements were employed to investigate the global buckling behaviour and local damage propagation of composite flat plates containing embedded delaminations. Some of the results were compared with the corresponding experimental results. It was shown that in comparison with the three-dimensional modelling the combined modelling can effectively reduce the computational time and capacity for the same level of accuracy.
CYLINDRICAL SHELL WITH DELAMINATION ALONG THE ENTIRE CIRCUMFERENCE
Simitses et al [19] [20] analytically predicted delamination buckling of cylindrical shells and panels. The load cases considered in their study were uniform axial compression and uniform external pressure, applied individually. In order to ease the mathematical modelling, they kept the models as simple as possible. For example, in the axial compression case, the delamination extended along the entire circumference of the cylindrical shell. In the case of external pressure, cylindrical shells and panels with longitudinal delamination over the entire length were considered. For both cases they did not account for the contact between delaminated layers during buckling.
An example of a cylindrical shell made of isotropic material with clamped ends under axial compression, similar to the model employed by Simitses et al [19] , is presented here to validate the proposed FE modelling approach. The delamination is located symmetrically with respect to both ends of the shell and it spans the entire circumference.
See Table 1 . It can be said that in the composite cylinders, for 0.3< h <0.5, the lowest critical buckling load occurs when delamination is located at mid-surface.
Next, the buckling behaviour of the two laminates is compared. As seen from Fig. 8, for the same delamination thickness, graphite-epoxy with a higher longitudinal-to-transverse modulus ratio (E L /E T =40) and a higher transverse-to-shear modulus ratio (E T /G LT =2.0) has a higher critical buckling load. For a certain delamination thickness, when a >0.4, the critical buckling load is almost independent of the delamination length and material properties, as shown in Fig. 8 . Fig. 9 shows the first buckling mode of the graphite-epoxy cylindrical shell without any delamination. Fig. 10 shows the first buckling mode of the delaminated graphite-epoxy cylinder, with the delamination length of a =0.125, extended along its entire circumference, for h =0.5,0.3 and 0.1, respectively.
CYLINDRICAL SHELL WITH A RECTANGULAR DELAMINATION
Results are generated for a cylindrical shell with a rectangular delamination. See The buckling behaviour of the two laminates is also compared. It can be observed that for the same delamination area, graphite-epoxy with a higher longitudinal-to-transverse modulus ratio (E L /E T =40) and a higher transverse-to-shear modulus ratio (E T /G LT =2.0) has a higher critical buckling load. For both composite shells, except when the delamination is located near the free surface, the higher the delamination thickness is the lower the critical buckling load is. It can be said that the lowest critical buckling load occurs when the delamination is located at the laminate's mid-surface. However, for very large delamination area, when a >0.4 and,>5/6, the critical buckling load is almost independent of the delamination size and material properties and only depends on the delamination thickness. . The analysis of cylinders with lower delamination areas was at the expense of the increase in the computational time and space. However, using the present method, the double layer of shell elements is only used in the delaminated region. On the other hand, as mentioned earlier for very small delamination areas, regardless of the delamination thickness, the presence of delamination does not appreciably alter the critical load of a perfect geometry.
CONCLUDING REMARKS
Combined single-layer and double-layer of shell elements are employed to study the delamination buckling of isotropic and composite cylindrical shells subject to compressive axial load. It is shown that the present method is highly efficient and accurate. Results show that for very small values of the delamination area, the presence of delamination has no significant effect on the critical loads. For large delamination area, especially when the delaminated layer is closer to the free surface of the laminate, the critical load is small. It is also observed that ignoring the effect of contact between the delaminated layers can lead to incorrect estimations of the critical buckling loads.
It must be noted that the FE modelling presented in this paper can also be used to investigate multiple through-the-width delaminations in composite laminated cylinders.
Therefore, multi-layer of shell elements must be employed in the delaminated region and contact elements must be placed between the delaminated layers to prevent overlapping of the layers.
6.
25. Sanders, Jr, J.L., "An improved first approximation theory for thin shells", NASA 
